Cancer growth and metastasis are regulated in part by stromal cells such as fibroblasts and immune cells within the tumor microenvironment. Endothelial cells (ECs) are also ubiquitous within tumors because tumors are vascular, and yet, the impact of tumor-resident ECs is less well understood. Through paracrine regulation, ECs modulate a diverse spectrum of pathophysiologic processes in normal and hyperplastic tissues. We hypothesized that ECs offer similar paracrine regulatory control of cancer biology. Indeed, secretions from quiescent ECs muted the proliferative and invasive phenotype of lung and breast cancer cells in vitro and reduced cancer cell protumorigenic and pro-inflammatory signaling. EC perlecan silencing significantly changed this regulatory relationship, eliminating the ability of ECs to inhibit cancer cell invasiveness via increased interleukin-6 secretion. Moreover, implanting ECs embedded within porous matrices slowed adjacent xenograft tumor growth and prevented architectural degeneration, with a concomitant reduction in proliferative and tumorigenic markers. Finally, lung carcinoma cells pretreated with intact EC-conditioned media, but not media conditioned with perlecan-silenced ECs, exhibited reduced micrometastatic burden after tail vein injection. These findings add to an emerging appreciation of EC-regulatory effects that transcend their structural roles and pave the way for improved characterization and control of EC-cancer cross-talk interactions for diagnosis, prognosis, and treatment of cancer.
INTRODUCTION
Tumor growth and metastasis depend critically on cellular and vascular elements. Indeed, Folkman seized on the vascular nature of tumors to propose that angiogenesis was rate-limiting for tumors and suggested antiangiogenesis therapies for cancer treatment (1) . Tumor vessels were originally thought to control tumor growth through perfusion of metabolically active cancer cells (2) . Tumor growth and dissemination was envisioned to arise in part from an imbalance in proangiogenic and antiangiogenic growth factors (2) . More recently, the leakiness of tumor blood vessels has been indicted as contributing directly to tumor growth and metastasis by increasing tumor interstitial pressure (for example, facilitating efflux of cancer cells) and by creating foci of hypoxia and acidosis (3) . Clinical trials of antiangiogenesis cancer therapies, however, have shown mixed results, with initial reduction in tumor burden (4, 5) , but no significant extension of long-term patient survival (6, 7) and even a potential increase in cancer invasion and metastasis (8, 9) .
The contemporary view of cancer envisions tumors as "ecosystems" (10, 11) consisting not simply of proliferating cells alone but of diverse collections of recruited stromal cells that regulate cancer behavior (12) (13) (14) (15) (16) (17) . The endothelial cells (ECs) that line blood vessels are the first cells in contact with any blood-borne element and are especially prevalent in tumors (18) . ECs are also critical to the biology of normal tissues; tissue health is often synonymous with endothelial integrity (19) (20) (21) (22) (23) . This is especially true in the vascular system, where ECs promote homeostasis when quiescent by suppressing local hyperplasia, angiogenesis, and inflammation, and enhance injury by stimulating these processes when they are diseased or "dysfunctional." We hypothesize that ECs serve a similar role in tumors. In this paradigm, ECs, like other stromal cell types, regulate cancer cell behavior, promoting homeostasis when healthy and stimulating cancer when dysfunctional. ECs then function not simply as static structural cells of perfusing vessels but as active stromal regulatory cells with privileged access to the deepest recesses of tumors. Subtle changes in EC phenotype could be easily transmitted to the tumors with profound effects on cancer fate.
We now show that ECs can regulate diverse aspects of cancer cell function, including proliferation, invasiveness, and response to and elaboration of inflammatory mediators in vitro, as well as tumor growth and metastasis in vivo. Moreover, we demonstrate that altering the EC secretome can have a profound impact on these cancer-regulatory phenomena. These findings add to an emerging appreciation of potential EC cancerregulatory effects that transcend the role these cells play as lining of a tumor-perfusing vascular network and offer new modes of cancer diagnosis, prognostication, and therapy.
RESULTS

Secretions from quiescent ECs reduce cancer cell proliferation and invasiveness
We assayed how culture in EC-conditioned media affects cancer cell proliferation. Media conditioned by confluent ECs reduced growth of MDA-MB-231 breast and A549 lung carcinoma cells by ~40% (P < 0.001 for both; fig. S1 and Fig. 1A) . The reduction in cell number correlated with a 35 ± 12% (P < 0.05) and 44 ± 9% (P < 0.05) decrease in proliferating cell nuclear antigen (PCNA) expression (Fig. 1B) and with a 23 ± 5% (P < 0.05) and 45 ± 25% (P < 0.05) reduction in the fraction of cancer cells with Ki-67-positive nuclei (Fig. 1C) .
Cancer cell invasiveness is a key trait in determining the aggressiveness and metastatic potential of tumors. Migration and invasion were measured in a dual-chamber culture system. Migration was measured by passage of cancer cells through 8-μm porous membrane inserts into a chemokine-filled chamber, and invasion by cancer cells passing through pores coated with Matrigel (24) . Four days of culture in EC-conditioned media significantly reduced in vitro invasiveness of both cancer cell lines ( Fig. 2A) . Migration was unchanged in both cancer cell types (126 ± 27 versus 133 ± 42 cells per field for MDA-MB-231, 336 ± 28 versus 331 ± 85 for A549), and all of the effect seen in the invasion index was from changes in invasion (33 ± 6 versus 24 ± 7 for MDA-MB-231, 50 ± 3 versus 25 ± 12 for A549). Intriguingly, gene expression associated with reduced invasiveness was different in the two cancer lines. Inhibition of invasion in MDA-MB-231 cells was accompanied by a 4.2 ± 0.9-fold reduction (P < 0.01) in extracellular matrix (ECM) pro-remodeling enzyme matrix metalloproteinase 2 (MMP2) expression, whereas the effects on A549 cells were associated with an increase in MMP inhibitors, including a 1.7 ± 0.4-fold increase (P < 0.05) in expression of TIMP1 (tissue inhibitor of MMP1) and a 1.8 ± 0.7-fold (P < 0.05) increase in TIMP2 (Fig. 2B) . However, even the activities of these individual proteins do not account for the entire observed effect. Indeed, although MMP2 can enhance cancer cell invasiveness (25) , and ECs secrete MMP2 (26) and deposit this enzyme on cancer cells, the EC secretome successfully inhibited cancer invasiveness despite the presence of deposited MMP2 or exogenously administered activated MMP2 ( fig. S2 ).
Conditioned media from confluent fibroblasts served as a control and had no effect on cancer cell proliferation or invasiveness ( fig. S3 ). These findings suggest a specific regulatory role for quiescent ECs in promoting homeostasis by suppression of both aberrant cancer cell proliferation and invasiveness.
EC secretions affect multiple tumorigenic pathways in cancer cells
We examined a subset of signaling pathways that contribute to cancer cell biology, including those signals that govern cell growth and proliferation, like the mammalian target of rapamycin (mTOR) pathway (27) , and prometastatic nuclear factor κB (NF-κB) and signal transducer and activator of transcription 3 (STAT3) pathways critical for inflammatory signaling (28) . Each of these signals is regulated by ECs in vascular repair and disease (29, 30) . Four days of culture in EC-conditioned media significantly reduced phosphorylation of S6RP (S6 ribosomal protein) and STAT3β, and decreased the total NF-κB p65 in both cell lines similarly (P < 0.05; Fig. 3A) . Phosphorylation of S6RP fell 76 ± 9% for MDA-MB-231 and 64 ± 6% for A549, and STAT3β phosphorylation decreased by 22 ± 2% for MDA-MB-231 and 20 ± 2% for A549. Total NF-κB was decreased by 28 ±11% for MDA-MB-231 and by 37 ±3% for A549 cells relative to culture in control media. Additionally, the nuclear localization of NF-κB p65 was reduced by 41 ± 7% for MDA-MB-231 and by 50 ± 15% for A549 after culture in EC-conditioned media (P < 0.05; Fig.  3B ).
Signaling changes in one pathway might cause lateral signaling changes in other pathways. Because we observed the largest reduction in expression of phosphorylated S6RP (p-S6RP) after culture in EC media, we examined whether inhibition of mTOR signaling alone could reproduce our effects. Rapamycin (0.13 μg/ml) completely inhibited phosphorylation of S6RP but only slightly reduced the number of cancer cells after 4 days (P < 0.05; fig. S4A ) and had no significant effect on STAT3β phosphorylation or the total amounts of NF-κB p65 ( fig. S4B ). These data suggest that the changes in cancer cell proliferation and invasion are affected by modulating multiple regulatory pathways, and possibly via the actions of multiple EC-secreted molecules.
Perlecan knockdown increases EC inflammatory secretions and eliminates EC ability to suppress cancer invasiveness
Perlecan, the major extracellular heparan sulfate proteoglycan expressed by ECs, is a complex regulator of vascular biology and tumor angiogenesis (20, 31) . ECs were stably transduced with a lentiviral plasmid containing short hairpin RNA (shRNA) targeting perlecan ( fig. S5A ). Such ECs (EC shPerl ) expressed 55 ± 11% less perlecan messenger RNA (mRNA) than did control ECs [quantitative reverse transcription polymerase chain reaction (qRT-PCR); P < 0.01; fig. S5B ]. Perlecan silencing did not change EC morphology ( fig. S5C ) or growth kinetics ( fig. S5D) significantly, yet it did reduce EC tube-forming capabilities on Matrigel (P < 0.001; fig. S5E ). Media conditioned by EC shPerl had a slightly increased inhibitory effect on cancer cell proliferation compared to media conditioned by control-transduced ECs but could no longer suppress invasiveness of either MDA-MB-231 ( Fig. 4A ; P = not significant) or A549 cells ( Fig. 4B ; P = not significant).
Because perlecan can bind many growth factors and cytokines (31), we assayed the effects of silencing this proteoglycan on EC cytokine release. Perlecan-silenced ECs (EC shPerl ) released 4.5 times more interleukin-6 (IL-6) into medium compared with EC transduced with a control plasmid (P < 0.001; Fig. 5A ); release of IL-8, GRO, and GRO-α also increased but more modestly (P < 0.001; Fig. 5A ). To determine whether the increased IL-6 release from EC shPerl was responsible for the differential effects on cancer phenotype, we preincubated EC shPerl -conditioned media with IL-6-neutralizing antibody (50 μg/ml) or isotype control immunoglobulin G (IgG) antibody before use in cancer cell cultures. IL-6 neutralization had no effect on the inhibition of cancer cell proliferation by EC shPerl , but completely restored the ability of media conditioned by EC shPerl to inhibit cancer cell invasiveness (Fig. 5 , B and C). Recombinant IL-6 (10 ng/ml) completely abrogated EC suppression of cancer cell invasiveness ( fig. S6A ). These findings are consistent with the established role of IL-6 in promoting cancer cell invasive/metastatic behavior (32, 33) and imply that the increased IL-6 secretion with perlecan silencing induced differential effects of EC-secreted factors on cancer cell invasiveness.
To reduce the likelihood that the perlecan-IL-6 EC coregulation arose from off-target effects, we assayed IL-6 gene expression after perlecan silencing using three different perlecan-silencing shRNAs. IL-6 gene expression by qRT-PCR increased directly with perlecan silencing ( fig. S6B ; P < 0.05). We examined further the response to pharmacologic inhibition of pathways relevant to IL-6 expression in ECs transduced with (shPerl) and without (pLKO.1) perlecan-silencing plasmids. Whereas inhibition of p38 mitogen-activated protein kinase (MAPK) almost completely inhibited IL-6 secretion for perlecan-silenced and control ECs, inhibition of MEK (mitogen-activated or extracellular signal-regulated protein kinase kinase)/ERK (extracellular signal-regulated kinase) signaling increased IL-6 secretion by a factor of >2 ( fig. S6C) . Inhibition of STAT3, cyclooxygenase (COX), and NF-κB signaling was not as important in this regard.
Matrix-embedded ECs suppress xenograft tumor growth
To understand whether the effects observed with cultured cancer cells could be recapitulated in controlling cancer cells in vivo, we examined the role of endothelial cell implants in modulating primary tumor growth. ECs embedded within three-dimensional (3D) porous gelatin matrices preserve their phenotype and enable controlled cell implantation in a wide range of models without eliciting an immune response (34) (35) (36) . Such matrix-embedded ECs (MEECs) have a similar morphology to ECs cultured on gelatin-coated tissue culture polystyrene (TCPS) ( fig. S7A) , and provide similar regulation of in vitro cancer cell proliferation ( fig. S7B) and invasiveness (fig. S7C) . Thus, MEECs function as stable, implantable EC constructs useful for studying EC paracrine functions in a wide variety of culture and animal systems.
MEECs implanted adjacent to established subcutaneous A549 xenograft tumors in nude mice (Fig. 6A ) reduced tumor growth (P < 0.05; Fig. 6B ). Tumor growth inhibition correlated with a 46 ± 15% decrease in the fraction of Ki-67 + cancer cell nuclei within the tumor (P < 0.05; Fig. 6C and fig. S8A ) and with a 55 ± 21% decrease in the fraction of the tumor filled with cysts (P < 0.05; Fig. 6D and fig. S8 ). In addition, p-S6RP levels were reduced by 34 ± 2% in the A549 cancer cells of xenograft tumors as in cell culture (P < 0.001; Fig. 6E and fig. S7B ). By the end of the experiment, implanted MEEC constructs had almost completely degraded. There was no evidence that MEECs invaded any of the tumor or that tumor cells occupied any of the microscopic remnants of the implanted matrices.
Cancer cells preconditioned with EC media are less metastatic in vivo
Because perlecan was important for regulation of cancer cell invasiveness in vitro, we examined the role of EC perlecan expression in controlling experimental metastasis. Exponentially growing A549 lung carcinoma cells were injected into the tail veins of nude mice after culture for 4 days in unconditioned media or in media conditioned by either unmodified ECs or perlecan-silenced ECs. Lung mass increased significantly in mice injected with A549 cancer cells cultured in unconditioned media compared with non-tumorbearing mice 22 days after injection, but not when the A549 cells had been exposed to ECconditioned media (Fig. 7A ). This protection was lost when A549 cells were injected after exposure to ECs whose perlecan had been silenced. These findings correlated with immunofluorescence staining for the injected A549 cells (Fig. 7B): The degree of pulmonary metastasis of A549 cells as defined by a staining index was 41 ± 6% lower in mice injected with cancer cells exposed to intact ECs than in animals injected with cancer cells cultured in unconditioned media (P < 0.05). Similar to the lung mass increase, metastasis inhibition was lost in the EC shPerl media-precultured group. Thus, EC-regulatory effects in vivo are consistent with our in vitro findings.
Together, these data suggest that ECs suppress cancer cell proliferation (tumor growth) and invasiveness (metastasis) in a manner highly dependent on the quiescent and intact endothelial phenotype. When this EC phenotype is disrupted, there is concomitant alteration of EC cancer-regulatory effects.
DISCUSSION
The vasculature is essential to cancer biology, ensuring perfusion of the tumor mass (2) and control of the biophysical microenvironment (3). ECs line all vessels and their integrity is critical to vascular health (19, 22, 23, (37) (38) (39) . Quiescent ECs suppress every phase of vascular disease, including degree of injury, exposure to toxic products, local thrombosis, inflammation, proliferation, and matrix remodeling. Injured or dysfunctional ECs can promote these events (40) . We now report that quiescent ECs release factors that suppress cancer proliferation and invasiveness in vitro. Moreover, perlecan silencing significantly altered EC-mediated regulation of cancer cell phenotype. In addition, the implantation of ECs supported within 3D porous gelatin matrices adjacent to murine xenograft tumors limited primary tumor growth, and preculturing cancer cells with EC-secreted factors reduced their metastatic capacity in an experimental metastasis model. Together, our studies support the concept of ECs as paracrine cancer regulators and add depth to the paradigm of tumor angiogenesis by showing how EC-derived signals can directly regulate tumor parenchyma.
The notion of bidirectional EC-tumor interactions can be found in the earliest work on tumor angiogenesis (1). Increasingly, it is postulated that the complex interplay between tumors and their vasculature depends on more than perfusion alone and that EC-controlled paracrine, or "angiocrine," modes of regulation must be considered (41) . Contact-dependent interactions between the EC surface receptor DARC and the carcinoma cell surface receptor KAI1 induce carcinoma cell senescence and thereby reduce metastasis (42) . Subsets of brain vasculature ECs maintain the stem cell compartment of brain tumors through contactdependent and -independent means (43) . We now describe how quiescent ECs regulate cancer cell behavior in vitro and control tumor growth and metastatic potential of carcinoma cells in vivo. These endothelial effects were not recapitulated by individual EC-secreted factors or by other stromal cells. Fibroblasts and leukocytes, including myeloid and lymphoid cells, serve initially as tumor-suppressive or -permissive regulators, but can be converted into cancer-stimulatory cells (16) . Indeed, ECs, but not fibroblasts, inhibited the proliferation and in vitro invasiveness of two distinct cancer cell lines, and the intact EC secretome was more physiologically relevant than a proven clinical cancer chemotherapeutic agent. Rapamycin completely inhibited S6RP phosphorylation, but only modestly curbed cancer cell growth and exhibited none of the anti-inflammatory effects of intact ECs. Moreover, unlike directed pharmacologic effects that target specific pathways, ECs reduced invasiveness of two different cancer cell lines by potentially different means: in MDA-MB-231 through down-regulation of metalloproteinases, and in A549 through up-regulation of metalloproteinase inhibitors. The limitations of rapamycin's effects validate the coordinated involvement of multiple critical pathways in the regulation of cancer by ECs, and the divergent effects of ECs on matrix remodeling genes speak of the likelihood of diverse mechanisms controlling different cancer cells. Cell embedding within matrices enables implantation of intact ECs that have a broader regulatory potential than isolated pharmacological agents.
The results with EC perlecan silencing illustrate further the complex cellular cross talk involved in regulating cancer behavior. EC-conditioned media contain several distinct molecules that likely synergistically regulate cancer phenotype. The heparan sulfate proteoglycan perlecan binds to and mediates the biochemistry of many ECM components, growth factors, and cytokines (20, 31) . Perlecan silencing entirely eliminates EC secretomemediated inhibition of cancer invasiveness with a more modest effect on growth, remarkably reminiscent of the role of ECs in vascular repair. ECs lacking perlecan expression lose the ability to inhibit thrombosis with a more modestly reduced ability to inhibit hyperplasia (20) . The effects of perlecan modulation speak to the complexity of EC control over cancer and vascular biology and validate the idea that intact cells can restore physiologic balance more readily than a single pharmacologic compound alone. Perlecan knockdown increases EC secretion of several cytokines, including IL-6, but as with perlecan, IL-6 alone cannot explain fully the effects of ECs on cancer cells. Antibody neutralization of IL-6 restored the ability of EC shPerl to inhibit cancer cell invasiveness but had no effect on cancer cell proliferation, and the addition of IL-6 to EC media had the same effect as EC perlecan silencing. Our results corroborate the reported prometastatic effect of IL-6 (33) but may indirectly contrast with work showing that perlecan depletion (albeit in cancer cells, not ECs) slows tumor growth and reduces metastasis (44) (45) (46) .
The in vivo validation of the EC-regulatory effects brings together many of the cell culture and gene expression findings on isolated cancer cells. We generated MEECs by culturing ECs within compressed gelatin matrices. Implanted MEECs slowed the growth, reduced intratumoral cyst formation, and muted the pro-growth signaling within subcutaneous A549 lung carcinoma xenograft tumors in nude mice when implanted adjacent to tumors. Preconditioning of A549 lung carcinoma cells by culture in EC media substantially reduced their capacity to invade and colonize the lungs of experimental animals, but not if EC perlecan expression was silenced. ECs within the 3D structure of the porous matrices adopt a phenotype that remains stable for months and can be readily implanted within a range of animal models to regulate tissue repair (20, 23, 38, 47) . Allogeneic and even xenogeneic MEEC implants are effective tissue regulators that do not engender an immune response because of the matrix substratum that supports the embedded ECs (34, 48, 49) . Allogeneic EC constructs from a single host allow formulation of unit doses that have a prolonged shelf life, are immediately effective upon implantation without need for cell entraining, and present consistent biosecretory profiles from sample to sample within a lot (38, 50) and consistent results from patient to patient (49) . Matrix-embedded allogeneic EC implants prolonged vascular access graft survival in animals and humans with minimal immune response and fewer adverse effects than acellular control matrix implants (49, 50) . One could well envision that MEECs could be used to reduce tumor size before excision, sensitize tumors to chemotherapy and radiation, and limit tumor metastasis and recurrence after excision.
Potential limitations in this study provide insight into avenues for future work. Our "experimental metastasis" model in immuno-compromised mice is widely used (51) and enabled examination of the metastatic potential of the same cell lines studied in vitro, but lacks the spontaneous detachment from a primary tumor and extravasation into the circulation seen in spontaneous metastasis. We must also consider that as with other stromal elements that regulate cancer cell proliferation and/or invasiveness, there may be the potential for a conversion to cancer stimulation (17) when cancer cells evolve to dominate the stroma. Quiescent ECs promote homeostasis, but ECs that are exposed to high concentrations of inflammatory mediators in the tumor milieu (12) may lose this regulatory ability or even promote tumor growth or metastasis. The elevations in IL-6 seen in the tumor micro-environment (28,33,52) may act on the ECs and other stromal elements as well as on the cancer cells themselves. This idea fits with the recent observation that chemotherapy can stimulate EC IL-6 secretion to create a pro-lymphoma niche (53) . Such observations clearly require that, in the future, we distinguish between quiescent ECs and those harvested directly from tumors or cultured in vitro in a tumor-like environment (54-56).
Our results suggest the coordinate involvement of multiple EC-secreted factors in the regulation of cancer cell biology that requires a whole-cell perspective for a complete appreciation and treatment of neoplastic diseases. The potential of ECs to regulate cancer biology likely transcends their structural roles in tumor vascular conduits and begs further study. In addition, embedding ECs in porous 3D gelatin matrices enables us to examine the tumor-regulatory impact of ECs from a range of sites and spectrum of differentiation, and/or exposed to a series of pre-treatments and altered environments that include the tumor milieu. The role of proteoglycans, such as perlecan, and cytokines, such as IL-6, illustrates complexities in understanding the mechanisms of EC regulation of cancer cell phenotype. Future work will undoubtedly refine our observations, help delineate direct effects on tumor parenchyma from indirect effects on stroma, speak to the impact of specific signaling pathways, and determine how understanding of EC-cancer cross talk will aid in cancer diagnosis, prognosis, and treatment. The confluence of emerging elements in cancer biology and tissue engineering holds great promise for the future control of neoplastic diseases.
MATERIALS AND METHODS
Cell culture
Primary human umbilical vein ECs (HUVECs; Invitrogen) were cultured in EGM-2 (Lonza) with an additional 3% fetal bovine serum (FBS) on gelatin-coated TCPS plates and used between passages 2 and 6. Cells were passaged by detachment with trypsin and split one to five. EC-conditioned media were generated from confluent HUVEC monolayers by 48 hours of culture in MCDB131 (Invitrogen) supplemented with 10% FBS, penicillin (100 U/ ml), and streptomycin (100 μg/ml). Cells and debris were removed by centrifugation (5 min, 500×g), and media were aliquoted and stored at −80°C. Primary human lung fibroblasts (Lonza) were cultured in the same manner as ECs. A549 (lung carcinoma) and MDA-MB-231 (breast carcinoma) cells (American Type Culture Collection) were cultured on TCPS dishes. Cells were cultured under standard conditions (37°C, 5% CO 2 ).
MEECs were generated by culturing ECs within sterile Gelfoam compressed matrices (Pfizer) (23) . Matrices were cut into 1.25 × 1 × 0.3-cm blocks and hydrated in EC growth medium at 37°C for 2 to 48 hours. ECs were suspended in medium, seeded onto hydrated blocks, and allowed to attach for 1.5 hours, and then the contralateral side was seeded with an equal number of cells. After additional time for cell engraftment, two blocks were added to 30-ml polypropylene tubes containing 6 ml of EGM-2. MEECs were cultured for up to 3 weeks, with media changed every 48 to 72 hours, under standard culture conditions. Samples from each lot were digested with collagenase (type I, Worthington Biochemicals), and cell-seeding efficiency was determined with a Z1 Coulter particle counter (Beckman Coulter). Cell viability was assessed by trypan blue exclusion.
Chemoinvasion/chemomigration assay
Chemoinvasion kits (BioCoat, Becton-Dickinson) were used according to the manufacturer's instructions. Invaded or migrated cells adherent to the bottom of the inserts were fixed, stained with 4′, 6-diamidino-2-phenylindole (DAPI) (1 μg/ml, 30 min), and imaged by epifluorescence microscopy. Images were analyzed by visual inspection and cytometric quantification of four random 20× fields at the microscope or with the "particle counter" feature of ImageJ for the central 10× field. Data are expressed as an invasion index (24) , the average number of invaded cells, and the average number of migrated cells of a given condition, normalized to the control condition with at least three wells used per condition.
Xenograft tumor and tail vein metastasis in vivo models
All in vivo experiments were approved by the Massachusetts Institute of Technology Committee on Animal Care and comply with National Institutes of Health guidelines. Female nude mice, aged ~6 weeks, were purchased from Charles River Labs and housed in sterile cages with sterile bedding, food (ad libitum), and water. Mice were allowed at least 4 days to adjust to the animal facility and then were used in one of the following models.
For the primary xenograft tumor model, 5 × 10 6 human A549 lung carcinoma cells were injected [suspended in 100-μl Hanks' balanced salt solution (HBSS) after harvesting and rinsing twice with HBSS to remove serum and trypsin] subcutaneously on the dorsal surface. After allowing 12 days for tumor engraftment, either acellular Gelfoam (control) or MEECs (~1 × 10 6 cells per animal) were rinsed twice with HBSS and implanted adjacent to the tumors; the surgical site was sealed with tissue clips. At the end of the experiment, animals were killed by CO 2 inhalation. All surgeries were performed under anesthesia with 2% isoflurane delivered via nose cone and buprenorphine (0.1 mg/kg) administered perioperatively. Tumors were measured one to two times per week with vernier calipers, using two measurements to estimate the volume, assuming a prolate spheroid geometry. Tail vein metastasis experiments followed established protocols (51) . Briefly, exponentially growing A549 lung carcinoma cells were trypsinized, washed twice in phosphate-buffered saline (PBS), resuspended at a density of 5 × 10 6 cells/ml, and injected into the tail vein of mice under 2% isoflurane anesthesia. Twenty-two days after cell injection, the animals were euthanized (CO 2 inhalation) and the lungs were explanted, fixed, weighed, and cryosectioned. To generate a "metastasis staining index, " we examined three 20× fields per lung section, four sections per animal, for the presence of exogenously seeded A549 cells. The average fluorescent intensity was determined from eight 80 × 80-pixel boxes in each field of a given image. The early time point was selected to study invasion and colonization of the lungs-more in line with in vitro work-rather than subsequent secondary tumor growth.
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Refer to Web version on PubMed Central for supplementary material. EC perlecan expression is required for EC-mediated suppression of cancer cell invasiveness. (A and B) Proliferation (black bars) and invasiveness (white bars) of MDA-MB-231 (A) and A549 (B) cells after 4 days of culture in unconditioned (control) media, media conditioned by normal ECs, and media conditioned by perlecan-silenced ECs (EC shPerl ). *P < 0.05 (black versus control, gray versus EC) by t test. Error bars show SEM. A549 cells cultured in media conditioned by intact ECs, but not perlecan-silenced ECs, were less metastatic than control cells. (A) Increase in lung weights, relative to tumor-free animals, of A549 cells cultured for 4 days in unconditioned (control) media, media conditioned by intact ECs, and media conditioned by perlecan-silenced ECs (EC shPerl ). (B) Metastatic index (see Materials and Methods) of lung cryosections in the above groups. *P < 0.05 versus control group by t test. Error bars show SEM.
